Detection of 100% of mutations in 124 individuals using a standard UV/Vis microplate reader: a novel concept for mutation scanning by Tabone, Tania et al.
Detection of 100% of mutations in 124 individuals
using a standard UV/Vis microplate reader: a novel
concept for mutation scanning
Tania Tabone*, Georgina Sallmann, Elizabeth Webb and Richard G. H. Cotton
Genomic Disorders Research Centre, Fitzroy, Victoria 3065, Australia and the University of Melbourne,
Parkville, Victoria 3052, Australia
Received January 2, 2006; Revised January 20, 2006; Accepted March 3, 2006
ABSTRACT
We report the development of a simple and inexpen-
sive assay for the detection of DNA polymorphisms
and mutations that is based on the modification of
mismatched bases by potassium permanganate.
Unlike the chemical cleavage of mismatch assay,
which also exploits the reactivity of potassium
permanganate to detect genomic variants, the
assay we describe here does not require a cleavage
manipulation and therefore does not require expen-
sive or toxic chemicals or a separation step, as mis-
matches are detected using direct optical methods in
a microplate format. Studies with individual deoxy-
nucleotides demonstrated that the reactivity with
potassiumpermanganateresultedinaspecificcolour
change. Furthermore, studies with synthetic oligo-
nucleotide heteroduplexes demonstrated that this
colour change phenomenon could be applied to
detect mismatched bases spectrophotometrically. A
collectionofplasmidscarryingsinglepointmutations
in the mouse b-globin promoter region was used as a
modelsystemtodevelopafunctionalmutationdetec-
tion assay. Finally, the assay was validated as 100%
effectiveindetectingmismatchesinablindedmanner
using DNA from patients previously screened for
mutations using established techniques, such as
sequencing, SSCP and denaturing high-performance
liquid chromatography (DHPLC) analysis in DNA
fragments up to 300 bp in length.
INTRODUCTION
The detection and genotyping of polymorphisms and
mutations has become one of the most challenging and
often expensive and time-consuming obstacles to many
molecular genetic applications including clinical diagnostics,
pharmacogenomics and forensic analysis. The availability of a
complete human genome reference sequence (1) has provided
a valuable resource, allowing emphasis to now focus on the
detection of novel mutations and the genotyping of established
single nucleotide polymorphisms (SNPs) as the importance
of knowledge of individual sequence variation to a broad
range of disciplines is realized. However, the need for
extremely reliable and efﬁcient mutation detection has neces-
sitated the continuous development of new methods and
improvement of established methods to meet the requirements
of individual applications (2).
The use of heteroduplex DNA is exploited in many methods
for detecting sequence variants. Methods such as confor-
mation sensitive gel electrophoresis (CSGE) (3), denaturing
gradient gel electrophoresis (DGGE) (4) and constant dena-
turing capillary electrophoresis (CDCE) (5) involve observing
a difference in the mobility of heteroduplex DNA compared to
homoduplex DNA by electrophoretic migration. Similarly,
methods such as chemical cleavage of mismatch (CCM) (6)
and enzymatic cleavage-based methods (using CEL1, Mut
enzymes, RNase, T4 endonuclease VII) (7–12) involve
observing a difference in the mobility of heteroduplex DNA
compared to homoduplex DNA following cleavage of the
mismatched DNA, and denaturing high-performance liquid
chromatography (DHPLC) (13) relies on differences in the
separation of DNA duplexes by ion-pair reverse-phase liquid
chromatography to detect mismatches. Recently, a high reso-
lution melting method (14) has been described that detects
differences in DNA based on the melting proﬁles of matched
and mismatched DNA using a double-stranded DNA binding
dye. Each of these methods has advantages for particular
applications. However, disadvantages include the need for a
separation step, expensive enzymes, ﬂuorescent primers, the
use of toxic chemicals, specialized high precision instruments
and the complexity of some methods, such as DHPLC, where
quality control relies on determining the optimal assay
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New methods for detecting sequence variants should
provide high speciﬁcity, sensitivity and reproducibility, but
should also avoid an electrophoretic separation step and the
use of toxic reagents and be cost-effective and amenable to
automation to allow high throughput analysis. We describe a
method for the detection of heteroduplex DNA that meets all
these requirements and in addition, does not require individual
optimization for each new amplicon to be analysed, does not
require a specialized detection instrument and is better suited
to the detection of heterozygous mutations than current DNA
sequencing methodologies.
The novel mutation detection method we have developed is
based on the principles of CCM, ﬁrst described by Cotton and
colleagues in 1988. CCM requires the use of two chemi-
cals, potassium permanganate (KMnO4) and hydroxylamine
(NH2OH) to modify mismatched DNA and a third toxic
chemical, piperidine, to cleave the modiﬁed products. Unlike
CCM, the method we describe here is not based on a cleavage
reaction to detect mismatched DNA, thereby eliminating the
need for toxic chemicals, cumbersome incubation procedures
and a time-consuming separation procedure, which is also
required by many other techniques. Instead, the method relies
on detecting the oxidative modiﬁcation products of mis-
matched thymine (T) and cytosine (C) bases by potassium
permanganate as it is reduced to manganese dioxide
(MnO2). Potassium permanganate has been shown to oxidise
pyrimidine residues at the 5, 6 carbon-carbon double bonds to
produce pyrimidine glycol residues (15,16). Potassium per-
manganate (pink solution) borrows electron density from
these double bonds to form a bridged, unstable electron
oxygen compound known as hypomanganate diester (yellow
solution). Under normal pH and temperature conditions, this
intermediate product is further oxidized by the permanganate
ion to form the manganese dioxide (clear solution with brown
precipitate) (17). The oxidation rate of the mismatched bases
by potassium permanganate and hence the presence of a
sequence variant is detected by measuring the formation of
the hypomanganate diester intermediate, which absorbs at the
420 nm visible wavelength (18) using a standard UV/Vis
microplate reader, allowing the development of a simple
spectroscopic-based mutation detection assay.
The sensitivity and speciﬁcity of the mismatch oxidation
assay was evaluated by genotyping, in a blinded manner,
previously characterized anonymous DNA specimens. Muta-
tions in these individuals were previously detected with SSCP
and DHPLC analysis and sequencing. We report a new
approach to mutation scanning that accurately and reliably
detects insertions, deletions and nucleotide substitutions in
heteroduplex DNA. The method will also be useful in funda-
mental studies of heteroduplex DNA.
MATERIALS AND METHODS
DNA substrates
High-performance liquid chromatography (HPLC) puriﬁed
synthetic oligonucleotides (GeneWorks, Hindmarsh, SA,
Australia) containing a single C.T mismatch (19) (Table 1)
were used as a model system to develop a mutation detection
assay. Plasmid pBR322 clones containing the wild-type as
well as a collection of 14 different single point mutations
in the 132 bp mouse b-globin promoter region (20), were
used to evaluate the performance of the method in detecting
each class of mismatch and in various positions on the DNA
strand from the primer-binding site. Mitochondrial and
genomic DNA samples (21,22) were used to evaluate the
performance of the method in detecting a range of mutations
in avarietyof sequence contexts andcompare the performance
against established mutation detection methods.
PCR amplification
The sequences of the PCR primers used in this study are listed
in Table 1. PCR ampliﬁcation was performed in a 50 ml
reaction volume containing 100 ng template DNA, 0.2 mM
each dNTP (Bioline, Alexandria, NSW, Australia), 1.5 mM
MgCl2,1 · reaction buffer [50 mM KCl, 20 mM Tris–HCl
(pH 8.4)], 0.3 mM forward primer, 0.3 mM reverse primer
(Sigma-Genosys, Castle-Hill, NSW, Australia) and 2 U of
TaqDNA polymerase (Invitrogen, Carlsbad, CA, USA). Amp-
liﬁcation was performed in 96-well PCR microplates (Axygen
Scientiﬁc, Union City, CA, USA) in a Mastercycler  gradient
thermal cycler (Eppendorf, Hamburg, Germany). The cycling
conditions were as follows: an initial DNA denaturation at
Table 1. Sequences of synthetic oligonucleotides and PCR primers used in this study
Primer name Forward sequence (50!30) Reverse sequence (50!30) Tm ( C) Size (bp)
38MER A GGAAGAAGGCATACGGGTTAACTAGGGCAGCGGACAAT — — 38
38MER B ATTGTCCGCTGCCCTAGTTAACCCGTATGCCTTCTTCC — — 38
38MER C ATTGTCCGCTGCCCTAGTTCACCCTGATGCCTTCTTCC — — 38
b-globin GCACGCGCTGGACGCGCAT CACAACTATGTCAGAAGC 58 150
ACSL4 GATTTTCAGCGCGAGGAGT GCAGCTTAAGAGTGACCCCTAC 63 100
MtTL1 AGCGCCTTCCCCCGTAAATG TTCGTTCGGTAAGCATTAGG 53 223
MtDloop TCGCTCCGGGCCCATAACAC GTGCGATAAATAATAGGATG 53 288
CCR5-1 CCCAGTGGGACTTTGGAAAT AAACACAGCATGGACGACAG 60 131
CCR5-2 TGCTTGTCATGGTCATCTGC TGTAGGGAGCCCAGAAGAGA 60 135
CCR5-3 GGATTATCAAGTGTCAAGTCCAA ATGTTGCCCACAAAACCAA 60 144
CCR5-4 TCTTTGGTTTTGTGGGCAAC AGCATAGTGAGCCCAGAAGG 60 146
CCR5-5 GCTGTGTTTGCGTCTCTCC GACCAGCCCCAAGATGACTA 60 147
CCR5-6 TGCATCAACCCCATCATCTA ATATTTCCTGCTCCCCAGTG 60 175
The optimal primer annealing temperature ( C) and expected PCR product size (bp) for each primer pair are also given.
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for 20 s, annealing at optimal primer Tm for 20 s (Table 1) and
extension at 72 C for 20 s, with a ﬁnal extension at 72 C for
10 min.
Preparation of heteroduplex DNA
Following PCR ampliﬁcation, DNA samples were denatured
at 95 C for 10 min and cooled slowly from 80 Ct o2 5  C,
decreasing at 1 C increments every 2 min in a thermal cycler,
to promote heteroduplex formation. DNA samples from
homozygotes were mixed approximately with equal ratios
of wild-type and mutant DNA PCR products in a 50 ml
ﬁnal volume to generate heteroduplexes for mutation detec-
tion. The wild-type reference control consisted of wild-type
DNA PCR products alone in a 50 ml ﬁnal volume. Single-
stranded synthetic oligonucleotides were duplexed by adding
equimolar ratios of complimentary DNA strands and heating
to 95 C for 10 min, followed by 45 C for 30 min and 25 C for
30 min.
PCR purification
PCR products were puriﬁed from residual primers and dNTPs
that may react with KMnO4 using the QIAquick PCR
puriﬁcation kit (QIAGEN, Valencia, CA, USA), according
to the manufacturer’s instructions. The DNA was eluted in
35 mld H 2O.
Mismatch oxidation assay
The mismatch oxidation assay was performed in 96-well
ﬂat-bottom microplates (Greiner Bio-One, Frickenhausen,
Germany) in a 200 ml ﬁnal reaction volume. Individual deoxy-
nucleotide triphosphates (dNTPs), synthetic oligonucleotides
(1–25 mg) or puriﬁed PCR products (0.5–1.5 mg) were added
to 3 M tetraethylammonium chloride, pH 8.0 (TEAC; Sigma,
St. Louis, MO, USA). A 10 mM solution of KMnO4 (Sigma)
was added to a ﬁnal concentration of 1mM, the reaction mixed
well by pipetting up and down several times and the absor-
bance measured immediately. A no-template control sample
contained water instead of DNA.
Analysis of oxidized reaction products
The difference in oxidation rates between homoduplex and
heteroduplex DNA was detected by measuring the change
in absorbance at 420 nm at room temperature at 60 s intervals
for 3 h, using the Cary 50 Microplate Reader (Varian, Walnut
Creek, CA, USA) and comparing absorbance proﬁles against a
wild-type reference standard.
RESULTS
Potassiumpermanganateoxidationofdeoxynucleotides:
proof-of-principle for a mutation detection assay
To demonstrate the degree of reactivity of the four deoxynu-
cleotides with potassium permanganate, each base was indi-
vidually tested in the standard reaction mixture and the
resulting colour change observed. Figure 1A shows that the
order of reactivity of the deoxynucleotides with potassium
permanganate, as followed by the change in colour of solution,
was determined to be in the order of dT > dC >> dG >> dA.
Deoxythymidine was slightly more reactive than deoxycytid-
ine,howeverbothpyrimidineresidueswere morereactivethan
the purine bases, which is consistent with other published
studies reporting the reactivity of potassium permanganate
with DNA (15,23,24).
To determine that the unpaired deoxythymidine base was
necessary for oxidation to occur with potassium permanga-
nate, deoxythymidine and deoxyadenosine nucleotides were
hybridized together by incubating equimolar ratio of bases at
room temperature for 30 min. The reactivity of the dT:dA
duplex with potassium permanganate was compared to the
unpaired deoxythymidine and deoxyadenosine nucleotides.
Figure 1B shows the order of reactivity was found to be dT
> dT:dA > dA. The pairing of deoxyadenosine to deoxy-
thymidine signiﬁcantly reduced the oxidation rate by potas-
sium permanganate compared to the unpaired deoxythymidine
base as observed by the decreased rate in the colour change of
the dT:dA duplex solution. The deoxyadenosine again showed
no reactivity and appeared equivalent in colour to that of the
potassium permanganate control without deoxynucleotide
bases.
1         2        3       4         5 1          2         3         4
A. B.
Figure 1. Visualcolourchangeobservedbythepotassiumpermanganateoxidationofnucleotidebases.(A).PotassiumpermanganatereactivitywithdT(1),dA(2),
dC (3), dG (4) and no-template control (5). (B). Potassium permanganate reactivity with dA:dT (1), dA (2), dT (3) and no-template control (4).
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using oligonucleotides: validation of the
mismatch oxidation assay
The reactivity of potassium permanganate with mismatched
DNA was examined using 38mer synthetic oligonucleotides
containing a single C.T mismatch (Figure 2A). Using 25 mgo f
synthetic DNA, a difference in the colour of the solution was
observed between the matched and mismatched duplexes. The
solution of the mismatched DNA turned from a pink to a
yellow colour suggesting a signiﬁcant level of oxidation of
the heteroduplex, whereas the matched DNA remained pink
and showed only a slight colour change. Adjusting the concen-
tration of the synthetic DNA used in the assay to a level
commonly used in mutation detection applications (1 mg)
did not produce a visible colour change. However, the use
of a UV/Vis spectrophotometer showed there was a difference
in absorbance at 420 nm between matched and mismatched
DNA that corresponded to the change in colour used to
visually discriminate between the two duplexes
(Figure 2B). The mismatched DNA (red trace) showed a
greater rate of oxidation compared to the matched DNA
(blue trace), as determined by the increased rate of absorbance
at 420 nm.
Detection of mismatches in PCR amplified DNA
The studies with deoxynucleotides demonstrating oxidation of
free deoxythymidine and deoxycytidine residues suggested
that an assay to detect all four classes of mismatches
(C.T/A.G, C.A/T.G, C.C/G.G, T.T/A.A) was possible. As two
alleles will form two alternate mismatched pairs, the obser-
vation that potassium permanganate oxidizes mismatched
pyrimidines ensures that at least one mismatch in each pair
will be recognized and modiﬁed. Furthermore, experiments
with synthetic oligonucleotides demonstrating a difference in
absorbance at 420 nm between matched and mismatched DNA
showed a spectroscopic method could be developed and
applied for the detection of heteroduplex DNA. To determine
whether the assay could further be applied to detect mutations
in research or diagnostic applications, 14 different plasmid
clones, each containing a single point mutation in a 132 bp
fragment of the mouse b-globin promoter region, were initially
examined. This model system was used to determine the
optimal conditions for a reliable and reproducible mutation
detection assay. The broad distribution of mutations across
the DNA fragment (Figure 3) allowed the determination of
the assay to detect mutations close to the primer-binding site
and at various positions on the DNA strand, which can often be
a limiting factor in methods, such as sequencing. As an
example, Figure 4 shows the spectrophotometric analysis of
150 bp PCR amplicons with a G.T/A.C mismatch at position
 57, a C.T/A.G mismatch at position  43, a C.C/G.G mis-
match at position  76 and a an A.A/T.T mismatch at position
 2 of the mouse b-globin promoter region. Duplexes were also
formed between two mutant DNA fragments to produce
amplicons with two mismatches ( 2/ 76;  57/ 43 and
 13/ 27). Figure 5 shows the presence of two mismatches
(A.A/T.T and C.C/G.G) in the same amplicon resulted in an
1         2        3
A. B.
Figure 2. Potassiumpermanganate oxidation of 38mer syntheticoligonucleotides(A). Visual colour change observed by the potassium permanganate oxidation of
synthetic oligonucleotides with heteroduplex DNA (left), homoduplex DNA (right) and no-template control (middle). (B). Spectroscopic scan at 420 nm of 38mer
synthetic oligonucleotides (1 mg) after treatment with potassium permanganate (1 mM final concentration) at room temperature. The top trace (red) shows the
oxidationrateofthemismatchedduplex,themiddletrace(blue)showstheoxidationrateofthematchedduplexandthebottomtrace(green)showstheoxidationrate
of the no-template control sample.
Figure 3. Location of mutations in the mouse b-globin promoter sequence. Primer-binding sites underlined.
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amplicons containing a single mismatch, as detected by the
greater absorbance at 420 nm, suggesting the assay could be
used to distinguish between samples containing a mutation and
a common polymorphism.
When the optimal assay conditions were determined, each
of the mutations in the mouse b-globin promoter DNA were
analysed with a minimum of four repeats for each sample to
ensure accurate reproducibility of the data could be achieved
with the optimized assay conditions. The results showed the
assay to be completely reproducible with all mutations detec-
ted on each occasion. In order to show that the developed
method was applicable to the detection of mutations in real
samples, the assay was used to successfully detect a G.T;A.C
mismatch in the ACSL4 gene (MIM 300157) by analysing
10 genomic DNA samples, an A.C;G.T mismatch present at
40% heteroplasmy in the mitochondrial TL1 gene using
40 mitochondrial DNA samples and a G deletion and
T.T;A.A mismatch also present at a 40% heteroplasmic
frequency in the mitochondrial D loop gene with 32 mito-
chondrial DNA samples (MIM 590050) (Table 2). Finally,
analysing 28 genomic DNA samples in a blinded fashion,
the assay was applied to successfully detect mismatches in
A. B.
C. D.
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Figure 4. Spectroscopic scan at 420 nm of 150 bp PCR products (1 mg), representing all four classes of mismatches, after treatment with potassium permanganate
(1mMfinalconcentration)atroomtemperature(A).G.T/A.Cmismatchatposition 57(B).C.T/A.Gmismatchatposition 43(C).C.C/G.Gmismatchatposition
 76 (D). A.A/T.T mismatch at position  2. In each scan, the top trace (red) shows the oxidation rate of the mismatched duplex, the middle trace (blue) shows the
oxidation rate of the matched duplex and the bottom trace (brown) shows the oxidation rate of the no-template control sample.
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Figure 5. Spectroscopic scan at 420 nm of a 150 bp PCR product (1 mg)
containingtwomismatchesinthesameampliconaftertreatmentwith potassium
permanganate (1 mM final concentration) at room temperature. The top trace
(red) showsthe oxidation rateof the mismatched duplex, the middle traces(blue
and green) show the oxidation rate of the matched duplex and the bottom trace
(brown) shows the oxidation rate of the no-template control sample.
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of these mutations are summarized in Table 2. Evaluation of
the method with plasmid DNA and human DNA detected all
the mismatches present in a total of 124 DNA samples with a
100% sensitivity and 100% speciﬁcity rate (Table 3). The
method did not detect any false positives and did not report
any false negative heteroduplexes, suggesting the method is
comparable in sensitivity and speciﬁcity to currently estab-
lished mutation detection methods.
DISCUSSION
There is an ever-increasing range of mutation detection
technologies available. These methods have several advan-
tages and disadvantages according to a particular requirement
or laboratory. However, the vast majority of methods are
both suitable for high throughput analysis and therefore not
economical for small sample sized analysis or are time-
consuming to perform and require extensive optimization to
enable sensitive and accurate detection. There is a clear, unmet
need for a mutation detection method that is simple, sensitive
and cost-efﬁcient to perform for both low and high throughput
applications. We have developed a new approach to detect
DNA variants based on the potassium permanganate oxidation
of mismatched bases, eliminating the need for a cleavage and
separation step (25). We report the ﬁrst description of a simple
and sensitive spectroscopic-based mutation detection method
that utilizes the reactivity of potassium permanganate with
mismatched pyrimidine bases by measuring the difference
in absorbance at the 420 nm wavelengthbetween heteroduplex
and homoduplex DNA to detect the presence of a mutation.
Table 2. Summary of mutations detected in this study, including GenBank identification numbers of DNA sequences analysed and the final absorbance values of
wild-type (homoduplex) and mutant (heteroduplex) DNA
GenBank ID PCR
amplicon
Amplicon
size (bp)
Mismatch class Mutation WT A420
180 min (OD)
Mut A420
180 min (OD)
% Increase in
heteroduplex oxidation
J00413 b-globin 150 G.T/A.C  22G>A 0.81 1.12 38
 27A>G 0.82 1.10 34
 42C>T 0.75 1.09 45
 57A>G 0.84 1.14 36
G.A/T.C  14A>C 0.81 1.11 37
 33G>T 0.74 1.08 46
 42C>A 0.81 1.14 41
 43C>A 0.75 1.13 51
 89C>A 0.71 1.04 46
C.C/G.G  42C>G 0.72 1.02 42
 76C>G 0.73 1.06 45
A.A/T.T  2T>A 0.83 1.04 25
 13T>A 0.76 0.99 30
 48A>T 0.82 1.02 24
NM_004458 ACSL4 100 G.T/A.C g.13958G>A 0.66 0.99 50
G.T/A.C g.13958G>A 0.66 1.02 55
NM_001807 MtTL1 223 A.C/G.T m.3243A>G 0.42 0.57 36
A.C/G.T m.3243A>G 0.42 0.56 33
A.C/G.T m.3243A>G 0.42 0.57 36
A.C/G.T m.3243A>G 0.42 0.60 43
A.C/G.T m.3243A>G 0.42 0.55 31
A.C/G.T m.3243A>G 0.42 0.61 45
NM_001807 MtDloop 288 G/- m.66delG 0.56 0.76 36
T.T/A.A m.72T>A 0.56 0.72 29
NM_000579 CCR5-1 131 T.T/A.A g.303T>A 1.01 1.29 28
NM_000579 CCR5-2 135 G.T/A.C g.668G>A 1.06 1.30 23
AAG/- g.228delK 1.06 1.32 25
NM_000579 CCR5-3 144 T.T/A.A g.58T>A 0.99 1.20 21
T.T/A.A g.58T>A 0.99 1.21 22
G.A/T.C g.85G>T 0.99 1.25 26
A.A/T.T g.124A>T 0.99 1.29 30
NM_000579 CCR5-4 146 T.T/A.A g.164T>A 0.80 1.00 25
T.T/A.A g.164T>A 0.80 1.13 41
G.A/T.C g.180G>T 0.80 1.09 36
A.A/T.T g.190A>T 0.80 1.10 38
C.A/G.T g.219C>G 0.80 1.22 53
C.A/G.T g.219C>G 0.80 1.20 50
T.G/C.A g.225T>G 0.80 1.00 25
T.G/C.A g.225T>G 0.80 1.02 28
NM_000579 CCR5-5 147 C.T/A.G g.492C>A 0.90 1.10 22
32bp del g554del585 0.90 1.13 26
NM_000579 CCR5-6 175 C/- g.893delC 0.72 1.11 54
C.T/A.G g.900C>A 0.72 1.12 56
G.A/T.C g.902G>T 0.72 1.12 56
C.A/T.G g.1004C>T 0.72 1.00 39
A.A/T.T g.1016A>T 0.72 1.09 51
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perform and can be automated to allow analysis of large
numbers of sequences. Unlike other automated approaches,
our method does not require the initial purchase of an expen-
sive precision instrument, as only a standard UV/Vis micro-
plate reader in required and the on-going running costs of the
assay are minimal. The DNA preparation procedure uses
standard PCR reagents and primers, no special reagents
such as biotinylated or ﬂuorescent primers or radioisotopes
are required. The mismatch detection assay is then performed
with two cheap and commonly available reagents, potassium
permanganate and TEAC and there are no enzymes or
expensive chemicals required. The method is not labour
intensive or time-consuming to perform and does not require
any complicated pre-assay set-up such as, the design of
primers and probes for mutation detection. Following PCR
ampliﬁcation and puriﬁcation, regular, unlabelled PCR
amplicons are added directly to the potassium permanganate
and TEAC in the microplates and analysis begins. Following
completion ofthe analysis,the traces are visuallyinspected, by
comparison of the test samples to the wild-type reference
sample. No complicated computer analysis, normalization
or other manipulation of the data are required. In addition,
the universal reaction condition for all amplicons allows a
mixture of samples to be analysed in the same microplate,
further reducing the time and cost involved with performing
the assay. These characteristics are all important to the
successful implementation of a new method into laboratories
performing mutation scanning for the ﬁrst time or laboratories
that may be using a mutation detection method that is not as
sensitive or cost-effective or time-efﬁcient as the method we
describe here.
Potassium permanganate is known to preferentially oxidize
pyrimidine bases (26,27), which we conﬁrmed with studies
using individual deoxynucleotide bases (Figure 1). The
chemistry of the base modiﬁcation as well as the extent of
the base oxidation varies, depending on the temperature, time
and pH of the reaction (26). Model substrates were used to
determine the optimal reaction conditions for a potassium
permanganate mutation detection assay and to deﬁne the
range of reactions conditions that produce maximum signal
to noise ratios. Plasmids containing point mutations in
the mouse b-globin promoter region (Figure 3) were used
to generate 14 model substrates by annealing wild-type ref-
erence sequence with mutant DNA. A systematic biochemical
optimization of each component of the assay was then
performed. We quantiﬁed the effects of potassium
permanganate concentration, DNA concentration, buffer
type and concentration, temperature and pH on the detection
of mismatched DNA compared to matched DNA (data not
shown). We found that the optimal experimental conditions
for a given target region were independent of sequence
context, allowing the determination of universal assay
conditions for all DNA amplicons. Figure 4 shows a typical
mutation detection assay performed with 150 bp mouse
b-globin promoter amplicons. Using 1 mg of puriﬁed PCR
product with 1 mM potassium permanganate in TEAC at
pH 8 at room temperature, the signal/noise ratio was suitably
high and heteroduplexes were easily discriminated from
homoduplex DNA. Although DNA concentrations as low at
0.5 mg and as high at 1.5 mg were also found to be suitable,
1 mg of DNA consistently produced the greatest amount of
discrimination between homoduplex and heteroduplex DNA.
Potassium permanganate is a classic reagent for oxidation of
double bonds in pyrimidine bases. Double-stranded DNA is
oxidized very slowly, while single-stranded DNA are more
readily modiﬁed (24), resulting in the slow rate of oxidation
observed in the perfectly matched homoduplex DNA samples.
Similar levels of heteroduplex detection sensitivity were
observed with DNA containing G.A;T.C, A.A;T.T, T.G;C.A
or G.G;C.C mismatched pairs.
Determining the optimal potassium permanganate and
TEAC concentrations was critical to the development of a
successful mutation detection assay. The optimal concen-
tration of potassium permanganate was found to be 1 mM.
Insufﬁcient concentrations of potassium permanganate
resulted in low efﬁciency of oxidation and a weaker signal,
whereas higher concentrations were too erratic and speciﬁcity
of oxidation for the mismatch was lost. Similarly, insufﬁcient
TEAC concentrations resulted in inadequate buffering of the
DNA,whereashighconcentrations ofTEACresulted inlossof
speciﬁcity of oxidation for the mismatched DNA. These
ﬁndings are consistent with publishedstudies on the speciﬁcity
of potassium permanganate for mismatched DNA. Potassium
permanganate alone without a buffer, probably because it is a
strong oxidant, does not discriminate between homoduplex
and heteroduplex DNA. However, when a solution of 2 M
TEAC or 3 M tetramethylammonium acetate (TMAC) is
used, the modiﬁcation of mismatched bases is enhanced
(24). Discrimination between heteroduplex and homoduplex
DNA was not improved with the addition of 0.5 M or 1 M
NaCl, presumably because NaCl stabilizes the reactivity of
potassium permanganate with pyrimidines (24). To ensure
consistent and reproducible results, the assay was performed
at 25 C, although temperature ranges from 20–30 C produced
optimal results. Reaction temperatures lower than 16 C
resulted in a very slow oxidation rate of the heteroduplex
DNA and reaction temperatures greater than 30 C resulted
inconsistence oxidation rates, presumably due to the oxidation
of both matched and mismatched DNA by potassium perman-
ganate. The pH of the reaction was maintained at pH 8.0 by the
TEAC solution. Due to the strong oxidation properties of
potassium permanganate, care must be taken to completely
remove any residual ethanol from any post-PCR puriﬁcation
procedures used and the DNA cannot be eluted or rehydrated
in TE or other buffers containing Tris or EDTA. Ethanol
present in a concentration of 1% or higher in the reaction
and the presence of 1 mM Tris or 0.1 mM EDTA will strongly
Table 3. Summary of the detectionspecificityand sensitivity forthe mismatch
detection assay
Mismatch class Mismatches detected/
total number of mismatches present
G.T/A.C 11/11
G.A/T.C 10/10
C.C/G.G 2/2
A.A/T.T 12/12
C del 1/1
G del 1/1
3 bp del 1/1
32 bp del 1/1
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DNA oxidation signal.
As the mutation detection assay does not provide details
about the nature or location of the mismatch, sequencing
would be required to characterize an unknown mutation.
However, one of the many beneﬁts of the assay is that it
signiﬁcantly reduces the amount of sequencing that would
otherwise be performed on samples that do not contain a
mutation. The assay is also especially suited to the detection
of heterozygous mutations, which are easily missed with
current sequencing techniques.Themethod we propose should
be valuable for rapid mutation screening, followed when
appropriate by sequencing to characterize a novel variant
that is detected. The method is applicable to the detection
of insertions, deletions and point mutations. To further expand
the scope of the method, it will be useful to determine the
sensitivity rate of the assay to detect mismatches in PCR
fragments greater than 288 bp, the upper limit tested so far.
The detection sensitivity of the assay was determined by
testing 39 different mutations representing all four classes of
mismatches and in different sequence contexts from
124 cloned mouse DNA and human genomic and mitochon-
drial DNA samples. The assay was found to be 100% efﬁcient
in detecting all the mismatches present and validated the
performance of the assay to detect mismatches in multiple
DNA targets. The speciﬁcations of the assay, including frag-
ment length and accuracy, was determined by testing different
mutations in various sized PCR products, ranging from
100–288bpinlength. Theassaywasable todetect mismatches
in all sized amplicons without loss of performance sensitivity,
with an increase in the susceptibility of oxidation of the
heteroduplex by KMnO4 of 21–56% compared to the homo-
duplexcontrolDNA (Table 2).Weusedablinded studydesign
to screen the CCR5 gene in 28 individuals, to evaluate the
utility of this method for the detection of unknown mutations,
which is deemed to more challenging than conﬁrming the
presence of a known mutation. Using this approach, the
method showed 100% sensitivity and speciﬁcity (Table 3).
We did not observe any sequence dependence in the reactivity
of potassium permanganate with mismatched DNA with the
11 different DNA targets, representing different sequence
contexts examined. The use of TEAC in the assay may
help overcome any position dependence of potassium perman-
ganate reactivity, further improving mismatch detection (24).
Several independent researchers have begun successfully
applying this method for mutation detection using several
types of UV/Vis spectrophotometers (J. Savige, personal com-
munication), further conﬁrming the sensitivity and robustness
of the assay and the ability to easily adopt the method and
interpret the data.
In the current study, the level of reactivity of the different
deoxynucleotides with potassium permanganate was estab-
lished, synthetic oligonucleotides were used to demonstrate
that heteroduplex DNA was oxidized at a greater rate than
homoduplex DNA and a mutation detection assay was
developed and optimal conditions determined using plasmid
DNA carrying the spectrum of mismatch classes in the mouse
b-globin promoter. Finally, the assay was validated using
DNA from patients previously screened for mutations using
established techniques including sequencing, SSCP and
DHPLC analysis.
CONCLUSION
This new approach to mutation detection has many advantages
over current methods as it does not require ﬂuorescent primers
or probes labels, electrophoresis, toxic chemicals and indi-
vidual assay optimization or post-PCR modiﬁcation. The
assay is based on a simple optical assay providing easy to
interpret data. As the assay only requires a PCR amplicon
to detect unknown mutations or genotype known mutations,
minimal information about the mutation and sequence is
required. The assay has one universal protocol that can be
applied to detect all types of mutations, which eliminates a
time-consuming optimization process for each new individual
amplicon to be analysed, thereby saving time and increasing
throughput productivity and increasing the detection rate of
multiple mismatches.
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